It is possible to replace in a normal transcription reaction catalyzed by E.coli RNA polymerase one of the four precursors by the corresponding deoxynucleoside triphosphate . These deoxynucleotide-substituted RNA's offer interesting prospects for nucleotide sequence analysis.
INTRODUCTION
Berg et al. (1) have made the interesting observation that E.coli DNA polymerase I will insert ribonucleotide residues into a polydeoxynucleotide chain if Mn++ replaces Mg++ in the reaction mixture. This ribosubstitution technique has provided a valuable tool in nucleotide sequence analysis of DNA as it allows base specific cleavage (2, 3) . Conversely, it is possible to incorporate deoxynucleotide residues into RNA using a reaction mixture which contains template DNA, E.coli RNA polymerase and Mn in addition to Mg (4, 5) .
In this paper we report the use of this deoxynucleotide substi.tution technique for nucleotide sequence analysis of RNA.
Abbreviations used: The ribonucleotide residues are indicated as U, C, A and G; the. corresponding deoxyribonucleotides as dU, dC, dA and dG; P-RNase, pancreatic ribonuclease; d-oligonucleotide, deoxyoligonucleotide terminated by a ribonucleotide at the 3'-end; T1 and P-oligonucleotide, oligonucleotide released after complete digestion with Tl-RNase or P-Rase.respectively. Indeed, as many riboAucleases are base-specific and cleave the phosphodiesterbond via a 2', 3' cyclic phosphodiester, they can no longer cleave an RNA chain adjacent to a deoxynucleotide residue. As shown in Table 1 until incorporation levelled off (usually 2-3 hrs). The reaction was stopped by addition of 10 4l 0.5 % SDS + 0.1 M EDTA, and the product was isolated by filtration through a 0.9 cm x 12 cm Sephadex G50-column. The peak fractions were collected, phenolized and precipitated.
Fingerprinting and nucleotide sequence analysis. In order to .judge the. ribose-contamination and to prepare deoxyoligonucleotides containing a ribonucleotide at the 3'end (d-oligonucleotide), the substituted RNA was hydrolyzed at all ribonucleotide linkages, either by digestion with "total" RNase (in 0.05 M Na-acetate buffer, pH 4.5) or by alkali. The digest was separated by conventional two-dimensional electrophoresis (8) . Likewise the T1-RNase or P-RNase digests were fingerprinted either by two-dimensional.electrophoresis or electrophoresis-homochromatography (8, 9) .
RESULTS AND DISCUSSION Application and scope of the deoxynucleotide substitution technique As most ribonucleases, e.g. T1, U2 and P, hydrolyse the internucleotide bond via a 2', 3'-cyclic phosphodiester intermediate, they are unable to cleave next to a deoxyribose-residue. On this basis, RNA in which an appropriate residue is replaced by the deoxynucleotide homologue, can be cleaved selectively at any of the four base residues ( Table 1) . One of the main problems in normal nucleotide sequence work of RNA's to order the T1-oligonucleotides. However, it is obvious that by the use of an appropriate deoxysubstitution-RNase combination a direct overlap of at least four nucleotides at any site in the RNA chain can be obtained (Fig. 1) . As furthermore the nucleotide r.........
Figure 1
An exampleof the deoxynucleotide substitution technique. A hypothetical sequence is shown. On top overlaps between Tl-oligonucleotides are indicated which can be obtained by dC, or dU or dG substitution (from top to bottom respectively). Note that these overlaps are in fact extended by two residues as also the preceding and the succeeding nucleotide is known. The 16 residues long Tl-oligonucleotide can readily be solved on the basis of normal double digestion and of dU-substitution; the products obtained by P RNase digestion of the dU-oligonucleotide are indicated underneath (cfr. text for further details). preoeding the tetranucleotide overlap is known from the specificity of the enzyme used, and as the nucleotide following the tetranucleotide can be deduced from nearest neighbour information, it follows that for any site in the polynucleotide chain an effective overlap of six residues can be derived. In principle this is sufficient to order' all oligonucleotides in a chain nearly 1,000 residues in length. Also the sequencing of long T -oligonucleotides, especially those rich in pyrimidines, may often pose some difficulties. Of course, in theory they can be solved by partial digestion with exonucleases, but this requires rather much radioactivity and stringent purity of the exonuclease preparations. Deoxynucleotide substitution also helps considerably in solving such sequencing problems. Consider for example the first T -oligonucleotide (n = 16) shown in Fig. 1 . P -RNase analysis leads to (5 U, 3 C, 2 A-U, A-A-C)G, U2-RNase to (5 U, C, 2 C-A, U-A-A) (U,C)G and combined with nearest neighbour information this gives (5. U,C) C-A-U-A-A-C-A-U-C-G. dU-substitution allows to isolate dU-dU-C and dU-dU-dU-C, only the latter of which is labeled in an a-32P -ATP reaction; this information is sufficient to deduce the complete sequence.
Synthesis of deoxynucleotide substituted RNA. Relative mobility of deoxynucleotide-containing oligonucleotides. Oligonucleotides, containing one or more deoxyresidues followed by a 3'-terminal ribonucleotide were prepared from dCdU-respectively dG-containing transcripts and characterized as described in the text. The-mobility of each d-oligonucleotide in a DEAE-paper electrophoresis system at pH 3.5 (8) was determined relative to a standard double digest shown at the right and the left hand lanes (DD; Tl-RNase + P -RNase). The mobility of a dephosphorylated double digest is also shown; these products are used as references for identification of the 3'-ends of transcripts. B M means blue dye marker (xylene cyanol FF). Odd products are underlined by dashes; e.g. dU-U is formed as a result of some ribo U contamination in the dU-RNA. 
Characterization of the deoxyribonuoleotide-containing oligonucleotides
The substituted RNA was digested with 'total" RNase or with alkali and fingerprinted as described under Methods. Even under our best conditions we could still observe some ribonucleotide contamination of the type being substituted. Further work is in progress to eliminate this noise coMpletely. In addition, three series of oligonucleotides were present on each fingerprint, e.g. in the dC-substitution these corresponded to (dC)n U, (dC)n A and (dC)n G. The number of spots in a series indicated that E.coli polymeraseis able to incorporate 2, 3 and even more deoxyresidues in a row. The identity of each product could usually be deduced from its position on the map and was further confirmed by spleen exonuclease hydrolysis.
In order to allow rapid identification of all the d-oligonucleotides a reference system was developed. The mobility of all d-oligonucleotides on DEAE-paper electrophoresis at pH 3.5 was determined relative to a standard double digest (D D; T1-RNase + P. RNase). These results are summarized in Fig. 2 . On this basis, most d-oligonucleotides can be readily identified. For example if a T1-oligonucleotide from a map of a dU-substituted RNA produces upon digestion with "total" RNase a spot which moves just ahead of A-C and another one which moves like A-A-C, this T1-oligonucleotide must contain the sequences dU-A and dU-dU-G.
An example of the deoxynuclectide substitution technique
As discussed above, the major application of this method is in ordering of oligonucleotides on the basis of the new overlap which can be obtained. Such results are illustrated in Fig. 3 for a transcript of the SV40 Hind-fragment H. A comparison between the fingerprints of a P-RNase digest of a normal transcript and the P-RNase digest of a dC-substituted product reveals that in the latter most of the C-terminal oligonucleotides are absent or at least greatly reduced. On the other hand a series of new spots appear, and further analysis reveals that all these contain at least one dC-residue and hence are formed by fusing two or more oligonucleotides from the former digest. For 
CONCLUSION
The deoxynucleotide substitution technique allows hydrolyses of-.the RNA chain specifically at any of the 4 base residues. Hence this method is very promising for nucleotide sequence studies of in vitro synthesized RNA. Indeed in principle it allows the ordering of all oligonucleotides in a chain of nearly 1,000 residues in length, thus eliminating the need for the time consuming, and inefficient partial digestions. Moreover, the sequence determination of the longer T1-oligonucleotides can be considerably simplified.
Other applications of the technique can also be considered. For example, it seems quite possible that a deoxyribonuclease could be found which splits only between two deoxynucleotide residues (10); this would cleave the substituted RNA chain into oligonucleotides of average chain length 16. The advantages of this are obvious.
One drawback of the technique is that the transcription is only 5-10 % as efficient relative to the normal reaction. This can be remedied by using higher specific activity pre- 
